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ABSTRACT: Coatings based on the in situ photopolymerization of vinyl phosphonic acid (VPA) 
with triallyl cyanurate as a crosslinking agent are shown to be effective not only for fire-protecting 
glass fibre-reinforced epoxy resin (GRE) composites but also poly(methyl methacrylate) (PMMA), 
a typical meltable and flammable thermoplastic. Dry adhesion of polyVPA coatings to PMMA 
surfaces is excellent but, as with coatings on GRE, adhesion following water-soak tests is poor. 
Copolymerising VPA with more hydrophobic monomers improves wet adhesion, albeit with some 
impairment of fire performance, with copolymers of VPA and acrylonitrile giving the best results. 
INTRODUCTION 
The major advantage of protecting a flammable material against fire by applying a fire-retardant 
surface coating as opposed to incorporating fire-retardants (FRs) in the bulk of material is that the 
former method concentrates the FR on the surface of the substrate,1,2 where it can effectively protect 
the substrate from ignition without significantly affecting overall mechanical properties.3,4 
Conventional fire-retardant coatings typically contain fire-retardant chemicals dispersed in an 
organic resin binder, which is then applied to the surface of the substrate, and are typically 
intumescent (foam and swell on heating).5 The use of resin binder, however, adds extra fuel, hence 
the FR chemicals must be present in relatively large concentrations to be effective, making the 
coating thicker. To avoid the use of resin, fire-retardant monomers can be directly polymerized on 
the surface of the substrate, with phosphorus-containing monomers attracting interest owing to the 
ability of phosphorus to promote char formation during combustion with the char thus formed 
providing a thermal barrier over the underlying substrate.6 For example, vinyl phosphonic acid 
(VPA), several dialkyl vinyl phosphonates, and various vinyl and allyl phosphine oxides have been 
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used in this way in copolymers,7,8 or as oligomers that react with a polymeric binder to form a 
branched or grafted phosphorylated polymer.9,10 Furthermore, some phosphorus-containing 
monomers can be directly grafted or polymerized on textile substrates to give a phosphorylated 
polymer film;11,12 for instance, VPA has been polymerized on finished textiles such as cotton, 
polyamide, polyacrylonitrile and polyester), via photo-induced polymerization.12 The resulting 
coated textiles showed high levels of fire retardancy and passed a vertical flammability test for 
protective clothing. In recent work, we have shown that photopolymerized crosslinked coatings of 
VPA, 3–5 mm thick, can also fire-protect glass-reinforced epoxy resin (GRE) composite laminates, 
resisting ignition in a cone calorimeter at radiant heat fluxes of up to 50 kW/m2.13 During heating 
these coatings char and intumesce to give a final charred coating with ca. 10 × the original coating 
thickness.  
Coatings produced from VPA, although strongly adherent to GRE in the dry, show poor adhesion 
following a water-soak test, with ca. 80% of the coating peeling off and breaking up in the water. In 
the work reported in this paper, we have sought (a) to optimise the coating formulation with respect 
to the amount of crosslinker required to give the best water-resistance, (b) to assess the suitability 
of VPA-based coatings for fire-protecting PMMA (a thermoplastic substrate more flammable than 
GRE), and (c) to improve the water-resistance of VPA-based coatings (without impairing dry 
adhesion and fire-performance) by copolymerization with various hydrophobic comonomers. 
EXPERIMENTAL 
Materials 
Glass fibre-reinforced epoxy (GRE) composite. GRE composites consisted of an epoxy phenol 
novolac resin (Araldite LY5052, Huntsman), cured with  cycloaliphatic polyamine-2,2-dimethyl-
4,4-methylene bis cyclohexylamine hardener (Aradur HY 5052, Huntsman), and reinforced with 
woven roving glass fibre of E-glass type (300 g/m2, Glasplies). 
Poly(methyl methacrylate) (PMMA) sheet. Two types of 3 mm thick PMMA sheet were used 
(Lucite UK): PMMA-c, a standard, clear, PMMA sheet containing unspecified additives as used for 
all commercial and domestic purposes, and PMMA-s, specially manufactured PMMA sheet 
containing no additives. The sheets were cut into plaques of various sizes for testing. 
Surface coatings. The following materials were used to make coatings: vinyl phosphonic acid 
(VPA, Rhodia UK Ltd.); dimethylvinylphosphonate (DMVP, BASF); acrylonitrile (AN, Fisher 
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Scientific); dibromostyrene (DBS, Chemtura); polydimethylsiloxane (PDMS, Sigma-Aldrich): 
triallyl isocyanurate (TAIC, TAICROS® TCI Europe N.V.); 2-hydroxy-2-methylpropiophenone 
(HMP, Darocur 1173, TCI Europe N.V.). 
Sample preparation 
Glass fibre reinforced epoxy (GRE) composite. Eight pieces of 300 mm × 300 mm woven E-glass 
fabric were used for composite preparation, with the ratio of 50 wt% glass fibre and 50 wt% resin 
matrix. GRE composite samples of ∼3 mm thicknesses were fabricated using a hand lay-up method 
as described in our previous paper.13 
Polymerization of crosslinked VPA and VPA-comonomer coatings on GRE composite and 
PMMA plaques. Substrate plaques were wrapped with aluminium foil along the base and edges of 
the sample to prevent the coating from flowing over the edges and thus off the testing surface, this 
barrier was secured using a polymer clay support and nitrocellulose-based coating as a temporary 
adhesive and sealant. The vinyl phosphonic acid monomer (with comonomers in some experiments), 
crosslinking agent (triallyl isocyanurate, 5–15 wt% based on monomer weight) and photo initiator 
(2-hydroxy-2-methylpropiophenone, 10 wt% based on monomer weight) were manually mixed with 
a glass rod. Approximately 3 g of coating was applied to the surface of each plaque (75 mm x 75 
mm) by pouring followed by brushing to give an even coat of generally between 3 and 5 mm 
thickness. Following this, the coated samples were irradiated for given times in a photoreactor 
consisting of six 15 W UV black light bulbs, which have a peak emission at 360 nm wave-length. 
Irradiation distance was 30 mm. To eliminate the radical scavenging effect of oxygen during photo-
polymerization, the photoreactor was purged with nitrogen (99.99% purity with a flow rate of 10 
l/min) throughout the reaction. After UV irradiation for 6 h, the polymer-coated GRE composite or 
PMMA sample was removed from the photoreactor and, in some experiments, post-cured at 80 ◦C 
for 24 h in an oven. Major steps in the radical mechanism of photo-polymerization and crosslinking 
of VPA are depicted in Scheme 1. All coatings were obtained as solid materials indicating that the 
polymerizations proceeded to completion. As a result, we can assume that the compositions of the 
coatings reflect exactly those of the starting monomer mixtures. 
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Scheme 1. Principal steps in the free radical polymerization of VPA photoinitiated with HMP using 
TAIC as crosslinker, depicting initiation with radicals derived from HMP, propagation via VPA, 
and crosslinking via TAIC. 
Discs of solid coating materials. Discs of solid coating materials were prepared by pouring 3 g of 
coating formulations into 50 mm diameter circular aluminium trays (Townson & Mercer) and 
photopolymerising as above. These samples were used to assess the inherent solubilities in water of 
cured coatings. 
Surface treatments of GRE composite substrates. Prior to some coating experiments, the surface 
of the GRE composite plaque was subject to one of the following pre-treatments aimed at improving 
adhesion between coating and substrate. 
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(i) The substrate surface was rastered with an atmospheric pressure argon-air plasma, following a 
procedure, previously used successfully on textiles, in an attempt to activate them by the introduction 
of reactive groups .14 The plasma was generated using a Surfatron microwave cavity with a quartz 
plasma containment tube connected to a microwave generator (SAIREM) at 2.45 GHz with power 
output ranging from 0 to 300 W. Argon (99.99 % purity, 20 l/min flow-rate) was passed through the 
quartz tube where a glow was generated and ignited using a copper wire. A distance of 10 mm 
between the plasma and sample was maintained throughout the treatment of the substrate. 
(ii) The substrate was gently buffed with 0 grade carborundum paper to matt the surface to test 
whether this has any effect on subsequent coating adhesion. 
 (iii) The substrate surface was washed with concentrated nitric acid to mildly oxidize the surface 
and improve wettability. 
Characterization of coatings 
All samples were weighed before and after coating application and the wt% polymer deposited on 
the surface was calculated. The thicknesses of coatings were obtained from the difference between 
the thicknesses of coated and uncoated samples, measured using a digital calliper. As stated above, 
it is assumed that the compositions of the coatings reflect those of the monomer mixtures from which 
they are made and that, owing to the incorporation of a crosslinker, the molecular weights are 
extremely high. In any case, it is not possible to confirm compositions nor molecular weights of the 
coatings by any solution-based techniques, e.g. solution-state NMR spectroscopy and GPC, owing 
to the their crosslinked nature, and insufficient quantities of materials were prepared for solid-state 
NMR spectroscopy. 
The flammabilities of GRE composite and PMMA samples, with and without surface coating, were 
evaluated using a cone calorimeter (Fire Testing technology, UK) on samples measuring 75 mm × 
75 mm; triplicate tests were carried out and the results averaged. The size of specimens used in this 
study is smaller than the standard size as dictated by ISO 5660-115 owing to the limitation in the 
quantities of composite panels manufactured. The previous work performed in our laboratory16 
discussed the geometry dependence on the fire performance of the samples. Since the cone 
calorimeter data determined in the study are presented on a relative basis with respect to those of 
control samples, the geometry of samples should not affect the overall study. All samples were tested 
by exposing them to a 35 kW/m2 heat flux in the horizontal mode at a distance of 25 mm from the 
cone heater without a spark ignition source. The different flammability parameters are reported as 
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time-to-ignition (TTI), heat release rate (HRR), peak heat release rate (PHRR), time-to-PHRR 
(TPHR), and total heat release (THR). The heights (thicknesses) of any char layer formed during the 
cone calorimeter tests (CH) are also reported. 
Durability of coatings 
A tape pull test was performed to evaluate the adhesion between a coating and the GRE composite 
or PMMA substrate, similar to the one specified in BSEN ISO 2409:2007,17 often used to examine 
the adhesion of films or sheets to an adhesive surface. In this work a piece of Sellotape (25 mm × 
50 mm) was applied on the surface of the coated sample (75 mm × 75 mm) and smoothed with 
fingers to ensure good contact. Holding the sample with one hand, the tape was then peeled back at 
an angle of 180 in one smooth movement with the other hand. The test was repeated three times on 
different locations on the same sample.  
To evaluate the effect of water on coatings, the coated samples were subjected to a water-soak test, 
according to BS EN ISO 2812-2:2007 standard.18 The four edges of the coated GRE composite or 
PMMA (35 mm × 35 mm specimen), with and without surface coatings, were sealed by applying 
epoxy resin before testing. After that the samples were fully immersed in 100 ml of deionized water 
at RT and removed after 24 h. Finally, the samples were dried at RT for 24 h and then at 100 ◦C for 
2 h. Before and after the tape-pull test and the water-soak test, the samples were weighed. 
RESULTS AND DISCUSSION 
Optimization of polymerization process: effects of different concentrations of triallyl 
isocyanurate crosslinker 
In order to investigate the effects of triallyl isocyanurate (TAIC) crosslinker concentration on the 
water resistance, coatings of poly(vinylphosphonic acid) (PVPA), photoinitiated with 2-hydroxy-2-
methylpropiophenone (HMP), containing three different concentrations (5, 10 and 15 wt %, Table 
1) of TAIC were laid down on the surfaces of 75 mm x 75 mm x 3 mm plaques of GRE composite.
With 5, 10 and 15 wt % TAIC (0.022, 0.044 and 0.066 moles per mole of VPA) on the assumption 
that an infinite perfectly crosslinked network (number of chain branches equal to number of branch centres) 
is formed, the average sequence lengths of VPA units between crosslinks are expected to be ca. 15, 7 and 5, 
respectively. The adhesion of these coatings was then tested using a tape-pull test, and their resistance 
to water assessed using a 24 h water-soak test (see EXPERIMENTAL). The results of these 
experiments are given in Table 1. 
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Table 1. Results of tape-pull and water-soak tests on crosslinked coatings of PVPA containing 
various concentrations of TAIC crosslinker on GRE plaques  
TAIC / wt % CT / mma MT / wt%b MS  / wt%c 
5 0.36 ± 0.04 0.03 88 
10 0.41 ± 0.03 0 79 
15 0.45 ± 0.02 0.03 97 
aCoating thickness; bMass of coating lost in tape-pull test; cMass of coating removed in water-soak test 
It can be seen from Table 1 that although all three coatings perform well in the tape-pull test, the 
best performance in the water-soak test is given by the coating containing 10 wt% TAIC. However, 
to determine whether the poor water-soak performance of all the coatings was due to loss of adhesion 
between the coating and substrate during the test and/or to an inherent solubility in water of the 
crosslinked coating, small discs of each coating formulation were prepared. The discs were weighed 
before water-soak tests. After the tests, undissolved disc residues were collected by filtration, dried, 
and weighed to assess the amounts that had dissolved. The results of these tests are given in Table 
2 with photographs of the collected, undissolved material from the discs shown in Figure 1. 
Table 2. Results of water-soak tests on discs of crosslinked PVPA containing various concentrations 
of TAIC crosslinker 
TAIC / wt% MPa / g MUb / g MDc / wt% 
5 1.14 0.94 18 
10 2.42 2.03 16 
15 2.13 1.82 15 
aMass of PVPA disc pre-soak; bMass of undissolved PVPA post-soak;cMass of PVPA dissolved 
It is clear from the data in Table 2, that the poor performance of the crosslinked PVPA coatings in 
water-soak tests is due mainly to the loss of adhesion between the coating and the substrate during 
the test and accompanied by some dissolution of the coatings in water. We believe that this loss of 
adhesion arises from initial swelling of the coating in water, followed by dissolution of small 
amounts of soluble, less crosslinked, material leading to fissures in the coating, permeation of water 
to the coating/substrate interface, and finally release of the coating from the substrate. Evidence that 
the small water-soluble fraction of the coating is probably less highly crosslinked than the insoluble 
portion is seen when one compares the TGA weight-loss trace under air atmosphere from a 
crosslinked PVPA crosslinked with 10 wt% TAIC prior to a water-soak test with that of undissolved 
material recovered after such a test (Figure 3). The trace from the undissolved material shows a 
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lower rate of weight loss with temperature than the original material, and the formation of 
significantly more char residue. Lower rates of weight loss and more char formation would be 
expected from a more crosslinked material. 
Figure 1. Photographs of undissolved material from crosslinked PVPA discs recovered from water-
soak tests, (a) 5 wt% TAIC, (b) 10 wt% TAIC and (c) 15 wt% TAIC 
The finally divided nature of the undissolved crosslinked material collected from the water above 
the water-soaked PVPA discs is probably a consequence of non-uniform crosslinking through the 
sample, possibly as a consequence of preferential consumption of monomer or cross linking agent 
and/or osmotic rupture of the disc during the test. 
Figure 2. TGA weight vs. temperature plots for crosslinked PVPA (10 wt% TAIC), (a) prior to 
water-soak test and (b) recovered, undissolved, from water-soak test 
To see whether the level of crosslinker had an effect on the fire performances of PVPA coatings, 75 
mm x 75 mm x 3 mm GRE composite plaques coated with PVPA prepared with 5, 10 and 15 wt% 
TAIC were tested by cone calorimetry at 35 kW/m2 without spark ignition. The results are given in 
Figure 3 and Table 3. It can be seen from the cone calorimetric data that crosslinked PVPA offers a 
significant fire-protective effect when used as a ca. 0.4 mm thick coating on GRE, regardless of the 
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percentage of TAIC crosslinker used, as indicated by significantly increased times to ignition (TTI), 
flame out (TTFO) and peak heat release (TTPHR), and a ca. 50% reduction in peak heat release rate 
(PHRR), with the coating prepared with 10% TAIC offering marginally the best performance. PVPA 
coating offers fire protection to the underlying substrate due to its ability to form an intumescent 
char. On exposure to heat, the decomposition of the PVPA generates phosphorous acid and water 
vapours. Similar to an intumescent system, the expandable charred layer of PVPA can be formed as 
the released acid could react with the carbon source, the polymer backbone of PVPA (-CH2-), to 
form a viscous fluid char layer, while the liberated water vapour acts as the blowing agent. This is 
schematically shown in Scheme 2.  
Figure 3. Plots of heat release rate and mass vs. time for cone calorimetry carried out on GRE 
composite plaques coated with crosslinked PVPA containing various concentrations of TAIC 
crosslinker (35 kW/m2 radiant heat, no spark ignition) 
Table 3. Cone calorimetric parameters for GRE composite plaques with crosslinked PVPA coatings 
containing various concentrations of TAIC crosslinker (35 kW/m2 radiant heat, no spark ignition) 
TAIC / wt% CTa / mm TTIb / s TTFOc / s PHRRd / kW/m2 TTPHRe / s CHf / mm 
No coating - 96 ± 1 210 ± 2 665 ± 4 123 ± 8 - 
5 0.36 ± 0.04 115 ± 5 403 ± 5 375 ± 17 193 ± 13 35 ± 5 
10 0.41 ± 0.03 175 ± 8 530 ± 3 233 ± 21 210 ± 4 25 ± 1 
15 0.45 ± 0.04 115 ± 5 435 ± 1 340 ± 18 170 ± 15 24 ± 1 
aCoating thickness; bTime to ignition; cTime to flame out; dPeak heat release rate; eTime to peak heat release 
fChar height 
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The above results have shown that optimum adhesion coupled with water soak and fire protective 
performances are achieved by the use of 10 wt% TAIC crosslinker in the PVPA coating. This is 
because at this ratio of TAIC/VPA, sufficient TAIC has been introduced to ensure a good level of 
crosslinking, and therefore reduced solubility and improved water-soak performance, but not so 
much that the coating becomes more flammable and less intumescent, and sufficiently less polar 
such that adhesion to the substrate suffers Hence 10 wt%  of crosslinker was used in all subsequent 
experiments in preference to 5 or 15 wt% (based on monomer weight).  
Scheme 2. Probable reactions leading to (a) the release of water (intumescent blowing agent) and 
formation of phosphorus acid anhydride crosslinks on heating PVPA, (b) elimination of 
phosphorous acid on heating and formation of unsaturated sequences (char precursor) and (c) 
cationic crosslinking of unsaturated sequences (early stages of char formation) initiated by protons 
from phosphorous acid and other acidic phosphorus species. 
Deleted: ¶
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Effects of GRE surface treatment on PVPA adhesion 
In order to see whether or not changes to the nature of the surface of a GRE substrate might affect 
(and hopefully improve) adhesion of a PVPA coating, especially when exposed to water, the surfaces 
of three GRE composite plaques were, in the first case, subjected to an argon-air plasma treatment 
in an attempt to introduce surface functional groups perhaps capable of greater interaction with 
PVPA, in the second case to light mechanical abrasion using 0 grade carborundum paper  to matt 
the surface and, in the third case, treatment with concentrated nitric acid for 5 s, again to attempt to 
introduce surface functional groups. Ca. 0.4 mm thick PVPA coatings, crosslinked with 10 wt% 
TAIC, were laid down on the surfaces of these three plaques and on one untreated control plaque, 
which were then all subjected to water-soak tests. The control sample retained 14 wt% PVPA coating 
on its surface, whilst the amounts retained by the plasma-treated, mechanically abraded and nitric 
acid-treated samples were 29 wt%, 35 wt% and 27 wt%, respectively. Thus, whilst all three forms 
of surface treatment of GRE improve adhesion of the PVPA coating in water (especially mechanical 
abrasion, which probably serves to mechanically “lock” some of the PVPA coating to the surface), 
none of the treatments prevents most of the coating being removed in water. Experiments to improve 
adhesion via surface modification of the substrate were therefore not continued. 
Effect of substrate: performance of crosslinked PVPA coatings on a PMMA substrate 
As crosslinked PVPA coatings have proved to be an effective flame retardant for glass reinforced 
epoxy composites, albeit with poor water-resistance, it was decided to study whether these flame-
retardant properties could be transferred to other substrates with a greater inherent flammability, and 
possibly also a greater surface affinity for PVPA. For this work PMMA sheet was chosen as a 
substrate, as PMMA is a highly flammable thermoplastic material and thus is difficult to adequately 
fire protect. For these studies a PVPA coating crosslinked with 10 wt% TAIC was again used, since 
this coating formulation has been shown to be particularly effective for the GRE substrate (see 
above) with better water-soak and flame-retardant performance than the 5 wt% crosslinked PVPA 
coating used in our previous studies.13 Initially, two different types of PMMA sheet were used; a 
standard commercial variety containing small quantities of unspecified additives (PMMA-c), and 
one specially manufactured without any additives (PMMA-s). 
The performances of PMMA sheet samples, with and without coatings of PVPA, are collected in 
Table 4. 
Table 4. Tape-pull test, water-soak test and cone calorimetric data for PMMA samples with and 
without crosslinked PVPA coatings (35 kW/m2, no source of ignition) 
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Sample 
CTc / 
mm 
MTd / 
wt% 
MSe / 
wt% 
TTIf / s 
TTFOg / 
s 
TTPHRh 
/ s 
PHRRi / 
kW/m2 
THRj / 
MJ/m2 
CHk / 
mm 
PMMA-ca - - - 118 ± 21 224 ± 24 153 ± 10 924 ± 21 66 ± 8 - 
PMMA-sb - - - 126 ± 11 229 ± 10 155 ± 8 1014 ± 43 74 ± 5 - 
PMMA-
c/PVPA 
0.39* 0.04 89 96 590 175 293 89 - 
0.45* - - No ignition - - - 31 ± 2 
PMMA-
s/PVPA 
0.42 0.003 92 No ignition - - - 0.6 ± 0.2 32 ± 6 
aCommercial PMMA; bAdditive-free PMMA; cCoating thickness; dMass coating lost in tape-pull test; eMass 
coating lost in water-soak test; fTime to ignition; gTime to flame out; hTime to peak heat release; iPeak heat 
release rate; jTotal heat released; kChar height; *Duplicate experiments 
It can be seen from the data in Table 4 that there are no significant differences in the combustion 
behaviours of the additive-containing and the additive-free PMMA sheets; both burn readily with 
very similar TTI, TTFO, PHRR and THR values. It can also be seen that a ca. 0.4 mm thick 10 wt% 
crosslinked coating of PVPA can prevent ignition of both PMMA-c and PMMA-s, although in 
replicate experiments it was found that ignition was not always prevented by such a thin coating. 
However, when ignition of PMMA does occur through the coating, the peak heat release rate is 
substantially reduced. It can also be seen from Table 4 that crosslinked PVPA adheres strongly to 
both types of PMMA in the dry, possibly owing to dipolar interactions between the polar coating 
and the polar substrate, but that the water-soak performances of the coatings on the two substrates 
are equally poor, and no better than PVPA coatings when applied to GRE. Because of the similar 
combustion behaviours of the two PMMA grades, and of the behaviours of PVPA coatings when 
applied to these grades, the commercial grade (PMMA-c) was used in subsequent experiments 
involving use of PMMA as a substrate. 
Improving the hydrophobicity of VPA-based coatings with comonomers 
It is clear from the results presented above, that the poor water-resistance of fire-retardant 
crosslinked PVPA coatings is due to water-induced loss of adhesion between coating and substrate 
(whether this substrate be GRE or PMMA), following penetration of the coating by water 
accompanied by some dissolution of the coating. Moreover, it has been shown that neither increasing 
the degree of crosslinking in the coating nor modifying the nature of the substrate surface 
significantly improves coating performance. Thus, experiments have been carried out aimed at 
improving the hydrophobicity of VPA-based coatings without significant detriment to dry-adhesion 
and fire performance by copolymerising VPA with various amounts of more hydrophobic, fire-
retardant monomers. The monomers chosen for this study were dimethylvinylphosphonate (DMVP), 
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acrylonitrile (AN), dibromostyrene (DBS) and a reactive polydimethylsiloxane (PDMS). 
Previously, incorporation of diethyl vinyl phosphonate (analogous to DMVP) in copolymers with 
MMA has been shown to improve its fire-retardance,19 whilst both AN and DBS have the potential 
to improve fire-retardance when used as comonomers, the former through its char-forming abilities 
and the latter through the release of HBr, a gas-phase inhibitor of combustion.20 
Copolymers of VPA and DMVP. A range of copolymers of VPA and DMVP was prepared as 
nominally 0.4 mm thick coatings on GRE using the same UV-initiated chain reaction polymerization 
procedure as that used for the PVPA homopolymer coatings, i.e. with 10 wt% TAIC as crosslinker 
and 10 wt% HMP as photoinitiator. VPA and DMVP copolymerize to give an essentially linear 
random copolymer. DMVP is more hydrophobic than VPA owing to the absence of acidic OH 
groups. The performances of these coatings in tape-pull, water-soak and cone-calorimetric tests are 
compared in Figure 4 and Table 5. 
Figure 4. Plots of heat release rate and mass vs. time for cone calorimetry carried out on GRE 
composite plaques coated with crosslinked VPA/DMVP copolymers of different compositions (35 
kW/m2 radiant heat, no source of ignition). 
Table 5. Tape-pull test, water-soak test and cone calorimetric data for GRE plaques coated with 
crosslinked VPA/DMVP copolymers of different compositions (35 kW/m2, no source of ignition) 
VPA/DMVPa CTb / mm 
MTc / 
wt% 
MSd / 
wt% 
TTIe / s 
TTFOf / 
s 
PHRRg / 
kW/m2 
TTPHRh 
/ s 
CHi / mm 
No coating - - - 87 ± 20 186 ± 21 701 ± 71 110 ± 15 - 
100/0 0.36 ± 0.04 0.03 88 175 ± 8 530 ± 3 233 ± 21 210 ± 4 25 ± 1 
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75/25 0.55 ± 0.02 0.04 84 165 ± 5 511 ± 28 212 ± 15 205 ± 5 20 ± 5 
50/50 0.36 ± 0.05 0.01 84 196 ± 7 584 ± 20 2 ± 24 258 ± 23 16 ± 1 
25/75 0.25 ± 0.01 0.01 91 151 ± 29 516 ± 17 270 ± 9 243 ± 18 13 ± 1 
0/100 0.14 ± 0.01 -* -* 111 ± 25 233 ± 30 574 ± 2 133 ± 23 No char 
aMass ratio of monomers; bCoating thickness; cMass of coating lost in tape-pull test; dMass of coating lost in water-
soak test; eTime to ignition; fTime to flame out; gPeak heat release rate; hTime to peak heat release; iChar height; *test 
not performed. 
The data in Table 5 indicate that all the VPA/DMVP copolymers perform marginally better than 
PVPA in the tape-pull test but that none performs significantly better than PVPA in the water-soak 
test, nor in the cone calorimetric tests. Like PVPA, all the copolymers form significant char, 
although the char thicknesses decrease as the percentage content of DMVP increases. The DMVP 
coating produces no char at all and fire protects the GRE substrate less well than does PVPA or any 
of the copolymers. In fact, the cone calorimetric parameters for GRE coated with polyDMVP are 
only marginally improved over those for uncoated GRE (cf. data in Tables 3 and 5), demonstrating 
the essential role played by the intumescent char layer, derived from the VPA units, in fire retarding 
the underlying GRE substrate. 
A few experiments were carried out also in which polyDMVP and DMVP/VPA copolymers were 
laid down using UV-initiated photopolymerizations as second coatings over preformed first coatings 
of PVPA on GRE samples, reasoning that perhaps in this way the greater hydrophobicity of the 
second coating could be used to protect the hydrophilic PVPA whilst still allowing the generation 
of a significant layer of fire-protective intumescent char during combustion. However, none of these 
dual coatings offered significantly better water-soak performance, nor fire-protective behaviour, 
than PVPA coatings alone. 
Copolymer of VPA and AN. Acrylonitrile is reported to copolymerize free-radically with VPA, 21 
to give, like VPA with DMVP, an essentially linear, random copolymer. Moreover, polyacrylonitrile 
(PAN) is insoluble in water and, in the form of a fibre, is the precursor to carbon fibre since on slow 
heating first in air, and then under vacuum, it cyclises and carbonises yielding a graphitic structure.22 
For these reasons, incorporation of AN units in PVPA might be expected to improve water tolerance 
and not to adversely affect char formation; indeed, it might strengthen the char. Initially, a nominally 
0.5 mm thick coating on PMMA was prepared by the UV-initiated copolymerization of an 80/20 
w/w mixture of VPA and AN containing the usual 10 wt% each of crosslinker and photoinitiator. A 
15 
VPA/AN copolymer disc of a similar composition was also prepared to allow measurements of 
copolymer solubility in water. 
Although the VPA/AN coating failed to prevent ignition in a cone calorimetric test, the fire 
retardancy of the PMMA substrate was substantially improved, as can be seen from the following 
data: TTI = 385 s; TTFO = 675 s; PHRR = 247 kW/m2; TTPHR = 440 s and THR = 43 MJ/m2 for 
VPA/AN copolymer coated PMMA, vs. TTI = 90 s; TTFO = 204 s; PHRR = 863 kW/m2; TTPHR 
= 143 s and THR = 69 MJ/m2 for PMMA with no coating. Substantial intumescence of the VPA/AN 
copolymer coating was observed also, with the char from the coating expanding from the original 
0.5 mm to a thickness of 28 mm (cf. ca. 30 mm for a comparable PVPA coating). 
In a tape-pull test, the VPA/AN copolymer coating performed marginally less well than a typical 
PVPA coating (0.9 wt% mass removed), probably because AN units are less polar than VPA units, 
but substantially better than a typical PVPA in a water-soak test, with only 47 wt% mass lost, owing 
to the greater hydrophobicity of AN compared with VPA. As expected, the VPA/AN copolymer 
disc also showed limited solubility in water (ca. 20 wt% material dissolved). 
Copolymers of DMVP and DBS. Polydibromostyrene (PBS) is used commercially as a flame-
retardant additive, particularly in polyamides and thermoplastic polyesters,23 in which it functions 
as a gas-phase inhibitor of combustion through the release of HBr and other low molar mass 
brominated compounds. Dibromostyrene (DBS), from which PDBS is derived by free-radical 
polymerization, is a hydrophobic monomer, and for these reasons was chosen as a comonomer in 
tests to improve the hydrophobicity of fire-retardant coatings. However, DBS is immiscible with 
VPA and therefore was replaced with DMVP in making and testing fire-retardant coatings. Coatings 
were prepared on the surfaces of PMMA plaques from DBS alone and from 50/50 w/w DBS/DMVP 
mixtures (giving DMVP/DBS copolymers), including with the omission of crosslinker in some 
instances, using the usual UV-initiated polymerization procedure, but followed by an 80 C post-
cure to ensure complete reaction. Coatings containing DBS tended to be thinner than those without 
DBS owing to the relatively low viscosity of DBS which generally precluded the laying down, in 
one operation, of films thicker than about 0.2 mm. 
The results of tape-pull, water-soak and cone calorimetric tests on the coated samples, with data 
from a PVPA coated PMMA for comparison, are given in Table 6 and Figure 5. 
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Table 6. Tape-pull test, water-soak test and cone calorimetric data for PMMA plaques with and 
without crosslinked PVPA, and with PDBS and DMVP/DBS 50/50 copolymer coatings (35 kW/m2, 
no source of ignition) 
Coating 
CTb 
/ mm 
MTc 
/ wt% 
MSd 
/ wt% 
TTIe / s 
TTFOf / 
s 
PHRRg 
/ kW/m2 
TTPHRh 
/ s 
THRi / 
MJ/m2 
CHj / mm 
No coating - - - 60 ± 10 200 ±18 960 ±25 120 ± 15 85 ± 8 No char 
PVPA 0.40 0.04 89 155+10 340+20 230 +18 200 +15 29+3 31 
PDBS 0.31 0.05 0.5 118 ± 9 242 ± 11 914 ± 36 160 ± 1 71 ± 2 No char 
DMVP/DBS 0.23 1.12 4.7 106 ± 13 220 ± 7 987 ± 4 160 ± 10 69 ± 4 No char 
PDBS/nxa 0.18 0.04 0.5 134 ± 14 265 ± 1 1007 ± 11 180 ± 5 59 ± 6 No char 
DMVP/DBS
/nxa 
0.19 0.02 29 102 ± 1 220 ± 2 930 ± 6 165 ± 1 79 ± 3 No char 
aNo crosslinker; bCoating thickness; cMass lost in tape-pull test; dMass lost in water-soak test; eTime to 
ignition; fTime to flame out; gPeak heat release rate; hTime to peak heat release; iTotal heat released; jChar 
height 
Figure 5. Plots of heat release rate and mass vs. time for cone calorimetry carried out on uncoated 
PMMA plaques, and PMMA plaques coated with crosslinked PVPA, and with PDBS and 
DMVP/DBS 50/50  copolymer coatings (35 kW/m2 radiant heat, no source of ignition) 
It can be seen from Table 6, that PDBS, a more hydrophobic polymer than PVPA, on its own adheres 
well to PMMA, even when exposed to water. However, wet adhesion is less good when DBS is 
copolymerized with DMVP unless crosslinker is incorporated, although still better than that of 
PVPA. Despite these encouraging adhesion results, the fire-retardant performance of DBS-based 
coatings on PMMA is poor, with no char formation, no significant reductions in PHRR and THR 
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and, at best, only minor increases in TTI. These poor results are consistent with DBS-based coatings 
acting merely as a gas-phase inhibitor of combustion. 
Grafted PDMS-VPA based coatings. The PDMS material used in this work, prior to curing 
(crosslinking), consists of a mixture of low molar mass polydimethylsiloxanes with reactive terminal 
-Si-H and -Si-CH=CH2 groups. These groups undergo, in the presence of a Pt-based curing catalyst, 
a coupling reaction yielding -Si-CH2-CH2 -Si- crosslinks. Given that VPA also possesses reactive -
CH=CH2 groups, it was postulated that VPA (monomer) would react into a Pt-cured silicone 
network if introduced ahead of the curing process (Scheme 3). 
Scheme 3. Postulated reaction between VPA and reactive dimethylsiloxane oligomers 
Initially, discs of PDMS and PDMS containing 10 and 20 wt% of VPA (based on the PDMS weight) 
were prepared by heating the mixtures in aluminium trays at 130 C for 15 min. These discs were 
then removed from the trays and subject to the usual water-soak tests for 24 h to determine how 
much of each disc was soluble. The discs exhibited the following solubilities: PDMS, 0.2 wt%; 
PDMS/10% VPA, 4.6 wt%; PDMS/20% VPA, 10.2 wt%. The result for PDMS is as expected, since 
PDMS is not normally soluble in water. The results for the PDMS/VPA materials are disappointing, 
however, and would seem to indicate that only about 50% of the VPA has been incorporated in the 
PDMS network, with the remainder unreacted and therefore easily removed by water. 
Coatings of PDMS and PDMS/VPA were then prepared on PMMA plaques and subject to tape-pull 
tests. Again, the results were disappointing with the following amounts of coating removed in the 
tests: PDMS, 100 wt%; PDMS/10% VPA, 60 wt%; PDMS/20% VPA, 25 wt%. Thus, it would seem 
that whilst the incorporation of PDMS in a matrix with VPA can improve coating hydrophobicity, 
it leads to loss of dry-adhesion between the coating and the substrate, owing to the non-polar nature 
of PDMS.  In view of these results, no cone-calorimetric testing was carried out on PMMA plaques 
coated with PDMS/VPA formulations. 
CONCLUSIONS 
PVPA coatings have been shown to be effective in fire-retarding a typical meltable and flammable 
thermoplastic, i.e. PMMA, as well as GRE-type composites. 
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Of the procedures employed thus far to improve the hydrophobicity of PVPA-based coatings, i.e. to 
improve the adhesion to substrates when exposed to water, without sacrificing dry-adhesion or the 
fire-protective effect, copolymerization of VPA with AN seems to offer the greatest potential, 
possibly owing to a beneficial combination of polarity of both monomers, hydrophobicity of AN 
and intumescence of VPA. In addition PAN (polyacrylonitrile), like PVPA, is a char forming 
polymer Table 7 brings together the salient data for PMMA, PMMA coated with crosslinked PVPA, 
and PMMA coated with 50/50 VPA/AN copolymer.  
Table 7. Tape-pull test, water-soak test and cone calorimetric data for PMMA samples with and 
without crosslinked PVPA and VPA/AN copolymer coatings (35 kW/m2, no source of ignition) 
Sample 
CTa 
/ mm 
MTb 
/ wt% 
MSc 
/ wt% 
TTId 
/ s 
TTFOe 
/ s 
PHRRf 
/ kW/m2 
TTPHRg 
/ s 
THRh 
/ MJ/m2 
CHi 
/ mm 
PMMA - - - 90 204 863 143 69 - 
PMMA/PVPA 0.55 0 89 No ignition - - 7 30 
PMMA/VPA-
AN 
0.5 0.9 47 385 675 247 440 43 28 
aCoating thickness; bMass lost in tape-pull test; cMass lost in water-soak test; dTime to ignition; eTime to flame out; 
fPeak heat release rate; gTime to peak heat release; hTotal heat released; iChar height 
Our work in this area continues, and other procedures for improving the water-tolerance of PVPA-
based fire-protective coatings will be reported.  
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Captions to Tables 
Table 1. Results of tape-pull and water-soak tests on crosslinked coatings of PVPA containing 
various concentrations of TAIC crosslinker on GRE plaques  
Table 2. Results of water-soak tests on discs of crosslinked PVPA containing various concentrations 
of TAIC crosslinker 
Table 3. Cone calorimetric parameters for GRE composite plaques with crosslinked PVPA coatings  
containing various concentrations of TAIC crosslinker (35 kW/m2 radiant heat, no spark ignition) 
Table 4. Tape-pull test, water-soak test and cone calorimetric data for PMMA samples with and 
without crosslinked PVPA coatings (35 kW/m2, no source of ignition) 
Table 5. Tape-pull test, water-soak test and cone calorimetric data for GRE plaques coated with 
crosslinked VPA/DMVP copolymers of different compositions (35 kW/m2, no source of ignition) 
Table 6. Tape-pull test, water-soak test and cone calorimetric data for PMMA plaques with and 
without crosslinked PVPA, and with PDBS and DMVP/DBS 50/50 copolymer coatings (35 kW/m2, 
no source of ignition) 
Table 7. Tape-pull test, water-soak test and cone calorimetric data for PMMA samples with and 
without crosslinked PVPA and VPA/AN copolymer coatings (35 kW/m2, no source of ignition) 
Captions to Schemes 
Scheme 1. Principal steps in the free radical polymerization of VPA photoinitiated with HMP using 
TAIC as crosslinker, depicting initiation with radicals derived from HMP, propagation via VPA, 
and crosslinking via TAIC. 
Scheme 2. Probable reactions leading to (a) the release of water (intumescent blowing agent) and 
formation of phosphorus acid anhydride crosslinks on heating PVPA, (b) elimination of 
phosphorous acid on heating and formation of unsaturated sequences (char precursor) and (c) 
cationic crosslinking of unsaturated sequences (early stages of char formation) initiated by protons 
from phosphorous acid and other acidic phosphorus species. 
Scheme 3. Postulated reaction between VPA and reactive dimethylsiloxane oligomers 
Captions to Figures 
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Figure 1. Photographs of undissolved material from crosslinked PVPA discs recovered from water-
soak tests, (a) 5 wt% TAIC, (b) 10 wt% TAIC and (c) 15 wt% TAIC 
Figure 2. TGA weight vs. temperature plots for crosslinked PVPA (10 wt% TAIC), (a) prior to 
water-soak test and (b) recovered, undissolved, from water-soak test 
Figure 3. Plots of heat release rate and mass vs. time for cone calorimetry carried out on GRE 
composite plaques coated with crosslinked PVPA containing various concentrations of TAIC 
crosslinker (35 kW/m2 radiant heat, no spark ignition). 
Figure 4. Plots of heat release rate and mass vs. time for cone calorimetry carried out on GRE 
composite plaques coated with crosslinked VPA/DMVP copolymers of different compositions (35 
kW/m2 radiant heat, no source of ignition). 
Figure 5. Plots of heat release rate and mass vs. time for cone calorimetry carried out on uncoated 
PMMA plaques, and PMMA plaques coated with crosslinked PVPA, and with PDBS and 
DMVP/DBS 50/50  copolymer coatings (35 kW/m2 radiant heat, no source of ignition) 
